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Interleukin (IL) 17-secreting CD4
+ helper T cells (Th17 cells) are essential for host defense at mucosal surfaces, and Th17 cell dysregulation can result in autoimmunity. Exposure to microbial products, such as bacterial LPS, can affect the ability of dendritic cells (DCs) to polarize Th17 cells. Acyloxyacyl hydrolase (AOAH) is a mammalian enzyme expressed by antigen (Ag)-presenting cells that deacylates and thereby inactivates LPS in host tissues. We hypothesized that inactivation of intestinal microbiota-derived LPS by AOAH influences the ability of DCs to polarize and generate Th17 effector cells. We found that LPS-containing Gram-negative microbiota augmented the differentiation of Ag-specific Th17 cells, and identified a colonic DC subset (CD103 −/− mice compared with Aoah +/+ mice, resulting in an abrogated Ag-specific Th17 response in the colon after mucosal immunization that could be rescued by systemic delivery of recombinant IL-6. These data identify the ability of AOAH to modulate microbiota signals that drive Th17 polarization and influence mucosal T-cell immunity, and suggest that host pathways to handle microbiota-derived products may be targeted to modulate Th17 responses in the context of inflammatory disorders or infection at mucosal surfaces.
T cell polarization | gut immunity | endotoxin tolerance | oral immunization | Toll-like receptor R egulation of CD4 + T cells is critically important for appropriate function of the vertebrate adaptive immune system. Soon after the initial description of polarization of naïve CD4 + T cells into Th1 and Th2 populations (1), the hygiene hypothesis was proposed (2) and has since evolved to suggest that modern increases in allergic and autoimmune diseases reflect decreased infectious exposure that results in dysregulated T-cell polarization (3) . LPS, the prototypical microbial product derived from Gramnegative bacteria, has been implicated as a surrogate for infectious exposure and shown to influence T-cell polarization (4, 5) . In recent years, additional T-cell subsets, including interleukin 17 (IL-17)-secreting CD4
+ helper T cells (Th17 cells) and regulatory T (Treg) cells (6) , and the role of the commensal microbiota in regulating their development (7, 8) have been identified.
A majority of T cells are found in the gastrointestinal tract, which also harbors commensal microbes that play key roles in regulating adaptive CD4 + T-cell mucosal immunity (7, 8) . More than 70% of the human microbiota is estimated to inhabit the colon (9) . The presence of luminal commensals is required to accumulate Th17 cells in the lamina propria (LP) of both the colon and small intestines, sites that are particularly enriched for this subset of T cells (10) (11) (12) . Segmented filamentous bacteria (SFB), Gram-positive commensals associated with the small intestinal mucosa in mice, have been shown to promote the local development of Th17 cells (13) . The regulation of Th17 cells in the colon, an area particularly susceptible to infection and inflammation, is less clear.
Th17 cells are important for mucosal host defense, secreting signature cytokines, such as IL-17 (also known as IL-17A), IL-17F, and IL-22 to elicit neutrophil recruitment and antimicrobial peptide production (14) . Polarization of Th17 cells from naïve CD4 + T cells is controlled by the local cytokine milieu and is critically dependent on TGF-β1 and IL-6 (15) (16) (17) . In the absence of IL-6, TGF-β1 mediates generation of immunosuppressive Treg cells. This reciprocal balance of Treg and Th17 cells is critical for immune homeostasis, and if not properly regulated, Th17 cells can drive pathogenic inflammation (18) .
Intestinal dendritic cells (DCs) are professional antigen (Ag)-presenting cells, characterized by cell-surface expression of CD11c and MHC II molecules, strategically positioned in the LP to interact with bacteria and subsequently migrate to mesenteric lymph nodes (mLN) and to present bacterial antigens to naïve CD4 + T cells (19) . Characterization of LP DC subsets has included subdivision based on differential expression of the CD11b and CD103 integrin molecules (20, 21) . CD103 + LP DCs have been proposed to migrate to mLN and initiate adaptive immune responses (22) . A subset of CD103 + LP DCs expresses aldehyde dehydrogenase (ALDH) activity, which can inhibit Th17 and promote Treg cell development through the generation of retinoic acid from vitamin A (23, 24) . Toll-like receptor (TLR) signaling, including TLR4 signaling by LPS, has been shown to promote Th17 polarization in vitro and expansion in the LP (5, 25, 26) . Persistent exposure of DCs to LPS can lead to a period Significance Th17 cells are a subset of T cells that secrete the cytokine IL-17 and play a role in mucosal immunity. LPS is a bacterial product that can influence the development of Th17 responses. We find that acyloxyacyl hydrolase (AOAH), a mammalian enzyme that inactivates LPS, is uniquely expressed in a subset of colonic dendritic cells and acts to maintain dendritic cell responsiveness to LPS expressed by commensal bacteria. This dendritic cell responsiveness is required to promote Th17 responses. These data identify the ability of AOAH to modulate microbial signals that influence mucosal T cell immunity, and suggest that host pathways to handle microbial products may be targeted to modulate Th17 responses in the context of inflammation or infection at mucosal surfaces.
of "tolerance" to subsequent LPS signaling, characterized by down-regulation of costimulatory molecules and of antigen processing and presentation mechanisms required for activation of T cells (27) (28) (29) (30) , raising the possibility that the timing and chronicity of LPS exposure may influence the ability of DCs to drive T-cell polarization.
Acyloxyacyl hydrolase (AOAH) is a host enzyme that inactivates LPS, deacylating secondary fatty acyl chains on the lipid A moiety of LPS (31, 32) . Deacylated LPS does not activate TLR4 and competitively inhibits signaling by biologically active LPS (33) . Owing to accumulation of bioactive LPS in the absence of AOAHmediated deacylation, LPS exposure induces prolonged innate immune tolerance in Aoah −/− mice (34) (35) (36) . We hypothesized that AOAH, by decreasing the exposure of DCs to LPS, would influence the ability of gut DCs to drive mucosal CD4 + T-cell polarization.
In support of this hypothesis, we report here that AOAH is preferentially expressed in a unique population of colonic DCs (CD103
, where it drives Th17 immunity by preventing impaired IL-6 production that would otherwise occur owing to persistent exposure to commensal LPS. This effect of host LPS inactivation on T-cell polarization suggests a potential impact of AOAH function on conditions influenced by the balance of Th17 and Treg cells, including host defense and immunemediated inflammatory diseases.
Results
Colonic LP DCs Preferentially Express AOAH. To evaluate the effect of AOAH on DC function, we first examined AOAH mRNA abundance and enzymatic activity in tissue-specific DC subsets. To extend the previously reported detection of AOAH in DCs derived from bone marrow precursors (BMDCs) and DC cell lines (37), we isolated DC-containing cell subsets expressing CD45, CD11c, and I-A b (MHC class II) from secondary lymphoid organs and mucosal tissues (Fig. S1 ). AOAH mRNA abundance (Fig. 1A ) and enzymatic activity (Fig. 1B) were much greater in freshly isolated DCs from the colonic LP (cLP) than in DCs from other mucosal areas, including the small intestinal LP (siLP) and lungs, or secondary lymphoid organs. Consistent with the known regulation of AOAH by LPS, ex vivo culture of cLP DCs with LPS increased the abundance of AOAH mRNA (Fig.  S2A) . Although LPS stimulation triggered IL-6 secretion in all DC subsets (Fig. S2B) , it did not universally increase AOAH mRNA (Fig. S2A) , implicating additional factors in the tissue-specific regulation of AOAH. Depletion of the Gram-negative microbiota with antibiotics (Fig. 1C) or deletion of host Tlr4 (Fig. 1D) reduced AOAH mRNA in cLP DCs by ∼90%, suggesting that commensal LPS signaling is required to drive AOAH mRNA expression in cLP. These results suggest that only specific DC subsets are programmed with the ability to express AOAH, and that cLP DCs uniquely express high levels of AOAH under homeostatic conditions through a process driven by commensal LPS signaling. 
Foxp3
+ Treg cells (Fig. 3D ). Consistent with the expression of AOAH uniquely in cLP DCs, the effect of AOAH deficiency on Th17 polarization was not observed in DCs from other sites (Fig. 3E) . Collectively, these results demonstrate that cLP DCs respond to commensal LPS exposure and subsequently drive Th17 polarization, and that AOAH-deficiency impairs this Th17 polarization ability while modestly enhancing Treg induction. 
Aoah
+/+ and Aoah −/− mice to polarize Th17 cells, but the difference between AOAH-sufficient and -deficient DCs remained (Fig. 4B) . The diminished ability of CD103 + CD11b + ALDH − DCs to drive Th17 polarization when they lacked AOAH was reflected in their reciprocal ability to enhance Treg induction compared with Aoah +/+ DCs (Fig. 4C ). CD103 + CD11b + ALDH − cLP DCs also were able to polarize naïve T cells to secrete Th2 cytokines (IL-4, IL-5, and IL-13), but at much lower amounts than IL-17 (Fig. S5 ). Th1 polarization, characterized by IFN-γ, was preferentially driven by CD103
− cLP DCs (Fig. S5 ), which expressed low amounts of AOAH (Fig. 2I) . AOAH deficiency had minimal effects on this bias (Fig. S5) (Fig. 5A ). Both also expressed TLR4, although cLP DCs from Aoah −/− mice displayed less (Fig. 5A) . Consistent with this TLR4 expression pattern and the previously reported LPS tolerance of Aoah −/− macrophages (34, 35) , CD103 + CD11b + ALDH − cLP DCs from both sets of mice induced IL-6 secretion in response to LPS, but the Aoah −/− DCs secreted ∼100 and 400 pg/mL less IL-6 when cultured overnight in the absence or presence of LPS, respectively (Fig. 5B) . Aoah +/+ and Aoah −/− cLP DCs did not differ in their ability to produce TGF-β1 or other Th17-promoting cytokines, including IL-23, IL-1β, and TNF-α, which were detected at only low levels (Fig. S6) (Fig. 5C ). The addition of recombinant murine IL-6 (rmIL-6; 100 or 400 pg/mL) completely rescued the ability of this Aoah −/− DC subset to polarize Th17 cells (Fig. 5C ). These data show that the impaired Th17 polarization ability of Aoah −/− cLP DCs is the result of diminished IL-6 secretion. (Fig. 6A ), implying that any differences in T-cell polarization observed in Aoah +/+ and Aoah −/− mice are likely related to the influence of Ag-presenting DC populations in vivo. TLR4 deficiency had minimal effects on Th17 and Treg frequency (Fig. S7A) , possibly because of compensatory mechanisms in the KO mice. However, depletion of LPS-containing commensals with antibiotics resulted in reduced frequency of Th17 cells and increased Treg frequency in the colon (Fig. S7B) , suggesting that AOAH regulation of commensal LPS may play a role in modulating Th17 polarization in vivo under homeostatic conditions. Consistent with this, CD4 + T cells from the cLP and mLN of Aoah −/− mice secreted less IL-17 ( Fig. 6 B and C) and had a lower frequency of IL-17-secreting CD4 + cells (Fig. 6 D and E) compared with WT counterparts. In contrast, more CD4 + Treg cells (CD25 + FoxP3 + ) were detected in the cLP and mLN of Aoah −/− mice (Fig. 6 F and G and Fig. S8 ). Collectively, these results are consistent with our ex vivo data on the impact on T-cell polarization of AOAH expression in cLP DCs, and they indicate that polarization of Th17 cells at the mucosa is impaired in vivo in the absence of AOAH.
IL-6 Rescues Attenuated Th17 Responses After Oral Immunization in Aoah
−/− Mice. To determine whether AOAH deficiency would impair development of Ag-specific Th17 responses in vivo, we investigated the polarization of CD4 + T cells after oral immunization by gavage with OVA and LPS. CD4 + T cells isolated from the cLP (Fig. 7A) and mLN (Fig. 7B) and Aoah −/− mice ( Fig. 7 A and B, Lower) , demonstrating the preferential induction of Th17 immunity after oral immunization and the specificity of AOAH to uniquely modulate Th17 bias. CD103 + CD11b + ADLH − cLP DCs in Aoah −/− mice had impaired IL-6 mRNA (Fig. 7C) and protein (Fig. 7D) induction after oral delivery of LPS. Administration of recombinant IL-6 at the time of oral immunization rescued the ability of Aoah −/− mice to promote Ag-specific mucosal Th17 immunity (Fig. 7 E  and F) . These results suggest that AOAH function impacts the generation of Ag-specific Th17 responses in vivo after mucosal immunization by optimizing IL-6 production from Th17-skewing CD103 + CD11b + ADLH − cLP DCs.
Discussion
Our data identify the ability of AOAH, a host LPS inactivation mechanism, to impact mucosal T-cell polarization. The influence of microbial products, particularly commensal organisms, on the regulation and dysregulation of immunity has been increasingly recognized in recent years (7, 8) , providing mechanistic insight into how factors such as those proposed in the hygiene hypothesis may contribute to the development of immune-mediated diseases.
Our studies now implicate host processing of LPS by AOAH as a determinant of these previously recognized influences on T-cell function, and suggest that alterations in this host enzymatic machinery may affect T-cell-mediated health and disease. Th17 cells have been implicated in host defense and immunemediated pathology at mucosal sites. Induction of Th17 responses has been best described in the small intestines, where a role for commensal Gram-positive SFB has been identified (11) . Commensal Gram-negative bacteria may further amplify these Th17 responses (5, 25, 26) . Our studies suggest the colon as a site where LPS from Gram-negative commensal bacteria influences Th17 induction, given that depletion of Gram-negative bacteria or host Tlr4 diminished the ability of cLP DCs to polarize Th17 cells. Compared with siLP DCs, cLP DCs secreted more IL-6 in response to LPS, suggesting that the colon, with its high microbial load, may be a unique site for Gram-negative commensal LPS to drive differentiation of Th17 cells. In accordance with this idea, we found that the Th17-skewing population of cLP DCs (CD103 + CD11b + ALDH − ) was also the population that expressed AOAH, and that AOAH deficiency negatively impacted the ability of these DCs to polarize Th17 cells. Evocative of the impaired recovery of Aoah −/− mice and macrophages after LPS stimulation owing to persistent exposure to bioactive LPS (34, 35) , the altered Th17 polarization ability of Aoah −/− cLP DCs appeared to be related to their attenuated IL-6 response to LPS. This suggests a cell-intrinsic function of AOAH to influence the ability of cLP DCs to respond to commensal LPS and drive Th17 polarization.
We demonstrate that within cLP DC subsets, AOAH expression and Th17 polarization capability is uniquely present in the ALDH − and CD11b + fractions, and is greatly enriched in the CD103
+

CD11b
+ ALDH − population. This finding expands on the previously recognized contribution of distinct LP DC subsets to the development of effector and regulatory T-cell function in the gut necessary to maintain the balance between immunity and oral tolerance (38, 39) . AOAH was minimally expressed in CD103
+
CD11b
− ALDH − cLP DCs, and AOAH deficiency did not impact the preferential polarization of Th1 cells by this subset, suggesting that sustained responsiveness to commensal LPS may have a specific role in the regulation of Th17 immunity.
The reduced Th17 polarization seen in CD4 + T cells isolated from Aoah −/− mice reflects altered T-cell priming under homeostatic conditions in vivo that parallel the effects seen in vitro with Aoah −/− DCs. The in vivo effects of AOAH were further confirmed in the context of Ag-specific Th17 responses that developed after oral immunization with OVA and LPS. The decreased Th17 bias of Aoah −/− DCs ex vivo and Aoah −/− mice in vivo were both restored after administration of rmIL-6, identifying an impaired DC IL-6 response to commensal LPS as the mechanistic basis for altered Th17 polarization in Aoah −/− mice.
The ability of LPS to drive gut-associated Th17 responses is consistent with reported effects of LPS on Th17 effector cell expansion (5) . Promotion of Th17 immunity by LPS stimulation of colonic DC populations has been implicated in the pathogenesis of inflammatory bowel disease (40, 41) and host defense against colonic pathogens (42) . Our data suggest that the ability of AOAH to regulate IL-6 production by Th17-skewing DCs may influence responses to LPS during immunization and infection.
In conclusion, we have demonstrated that AOAH, a host mechanism for inactivating LPS that previously was shown to limit LPS tolerance by preventing the persistence of bioactive LPS, can influence T-cell polarization in the gut. This reveals a unique mechanism of interaction between the host and its microbiota that shapes adaptive immunity. In particular, we have shown that cell-intrinsic AOAH in specific colonic DC subsets determines the ability of those DCs to respond to LPS and govern the balance of Th17 and Treg polarization. Furthermore, we have identified that commensal-derived LPS is crucial for cLP DCs to prime antigen-specific Th17 immunity in the colon, adding to the previously recognized role for Gram-positive SFB in driving Th17 polarization in the small intestine. These effects of AOAH on Th17 polarization were evident in Ag-specific immunity that developed after oral immunization, suggesting a role for AOAH function in determining T-cell-mediated host defense and disease predisposition. Indeed, recent human studies have correlated Aoah polymorphisms with rhinosinusitis and asthma (43, 44) , and have identified an HLA polymorphism linked to both colitis and Aoah expression (45, 46) . Thus, the influence of AOAH on mediating commensal effects on immune function identified in our murine studies may play a role in human susceptibility to disease.
Materials and Methods
Mice. Animal experiments were conducted in compliance with the guidelines of the National Institute of Allergy and Infectious Diseases Institutional Animal Care and Use Committee. Further information is provided in SI Materials and Methods.
In Vitro CD4 + T-Cell Polarization Assays. DC subsets sorted from spleens, mLN, or cLP of mice were incubated with endotoxin-free OVA (1 mg/mL; BioVendor) and/or 0-400 ng/mL LPS (List Biological Laboratories) before coculturing with OT-II naïve CD4 + T cells (1:10 ratio) in DMEM (Life Technologies) for 3 d at 37°C. No exogenous cytokines were added to DC:T-cell cocultures unless specified otherwise. Some cultures included rmIL-6 (100 or 400 pg/mL) (R&D Systems) or neutralizing antibodies to murine IL-6R and soluble IL-6 (Bio X Cell). Bioplex (Bio-Rad) and ELISA (eBioscience) analyses were performed to quantify cytokines in supernatants. CD4 + Treg frequency was assessed as described in SI Materials and Methods.
Mucosal Immunization. Mice were orally gavaged with endotoxin-free OVA (250 μg), LPS (50 μg), OVA and LPS, or sodium bicarbonate buffer (naïve mice) on day 0. Mice were boosted on day 14 and day 28. Some mice received rmIL-6 (2 μg i.p.) on days 0, 1, 14, 15, 28 and 29. At 3 d after the last boost, mLN and cLP were harvested from naïve and immunized mice, and total CD4 + T cells were isolated and sorted. CD4 + T cells were restimulated with unloaded or OVA-loaded BMDCs for 2 d to assess Ag-specific T-cell cytokine secretion by Bioplex analysis. Some mice were euthanized at 24 h after oral gavage of LPS (50 μg), and sorted CD103 + CD11b + ALDH − cLP DCs were cultured overnight to assess IL-6 cytokine secretion by Bioplex analysis. Experimental groups included between three and six mice.
Statistical Analysis. Mean values of two groups were compared using the unpaired Student t test (two-tailed) with Prism software (GraphPad). Statistically significant differences between indicated or comparator groups are indicated with ns (nonsignificant), *P < 0.05, **P < 0.001, and ***P < 0.001.
